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ABSTRACT 
Hybrid metal-composite joints that integrate pins on the metal adherend are a novel joining 
concept, and knowledge regarding single pin performance and correlation to multi-pin joint 
behaviour is critically lacking. Here, we investigate Selective Laser Melting manufactured 
Titanium adhered with pins to carbon fibre-reinforced polymer composite. Single pin 
specimens under pull-out loading and Mode I crack growth specimens were investigated 
using experimental, finite element (FE) and analytical methods. We found the pin-composite 
interfacial strength was 3.5 times higher than comparable carbon fibre z-pins due to excellent 
adhesion characteristics of the as-manufactured pin surface. Consequently, the pins enabled a 
365% increase in Mode I steady-state fracture toughness. We also determined that the 
enhanced bonding increased the maximum pin load and Mode I initiation fracture toughness 
by around 250%, with no pin-composite debonding during cure. We lastly show FE models 
using the pull-out response characterised in single pin tests give excellent predictions of 
experimental behaviour in multi-pin joints with no additional calibration. The work provides 
new correlation between pin behaviour in isolation and in multi-pin joints, highlights the 
importance of strong pin-composite adhesion for joint performance, and demonstrates an 
analysis methodology suitable for design of pin-reinforced composites and metal-composite 
hybrid joints. 
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1. INTRODUCTION 
With the increasing adoption of carbon fibre-reinforced polymer (CFRP) composites in 
many industry sectors as a replacement for metallic components, the use of hybrid metal-
composite joints is becoming more common, and the need to optimise the connection 
between dissimilar materials is a key challenge. Current joining practice of dissimilar 
materials is generally limited to the use of metallic fasteners, such as in the case of trailing 
edge devices or the metallic hinge bolted to CFRP composite panels on the Airbus A330 
undercarriage door. Figure 1a illustrates a typical bolted joining process of a metallic hinge 
with CFRP composite panel. However, bolted connections are problematic due to stress 
concentrations, mismatch in thermal expansion and resulting fatigue issues (1, 2), thus often 
limiting the potential material selection. 
A recent development in hybrid metal-composite joints is the use of through-thickness 
reinforcement (pins) in the composite (3-11), which is commonly enabled by advanced 
manufacturing techniques. A recent study by the authors (12) has shown that rather than 
adding surface features as a separate manufacturing step (as shown in several publication (5-7, 
9)), features can be produced during the manufacturing process of the metallic adherend 
using selective laser melting (SLM). Figure 1b illustrates the assembly of a metallic hinge 
integrated with through-thickness pins. The surface pins can be included during the SLM part 
manufacture. A similar concept was previously studied with two-step manufacturing 
techniques such as cold-metal-transfer (9), laser treatment process (4) and selective sintering 
(5-7). This novel integrated design concept has not yet been demonstrated for SLM 
reinforcement pins in hybrid metal-composite joints, hence all aspects of this new joining 
technique need to be understood. Critically, knowledge is needed on the manufacturing 
processes and the effect on the subsequent joint properties, the performance of a single pin as 
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it is pulled out of the composite, and the performance of a multi-pin joint where pins are 
pulled out.  
Previous publications on hybrid metal-composite joints with through-thickness 
reinforcements provide some insight into the expected performance of the proposed joint 
concept. In single and double lap shear experiments, straight cylindrical reinforced pins have 
shown a major increase in strength and strain to failure (3, 9) in comparison with unpinned 
adhesive joints. Various pin tip features have been studied including ball head (9), conical 
head  (6, 7, 11) and triangular tip (10), and shown to further increase joint performance. 
Damage mechanisms observed include pin-composite interface failure, pin fracture, plastic 
deformation of the pins and composite damage. However, all previous studies have focused 
on joint performance in shear, whereas tension (pin pull-out) can be more critical in many 
applications and typically involves lower strength and toughness. Further, previous studies 
have not yet identified the critical link of single pin performance and multi-pin joint 
properties. Additionally, we lack an understanding of how geometry parameters and interface 
properties relate to pin performance and failure mode. This information is critical not only for 
the specific joint design being considered, but also in terms of understanding how this 
category of hybrid joints performs and can be analysed, predicted and optimised. 
Much can be understood regarding through-thickness reinforcement of composites 
from the significant body of knowledge in z-pin reinforcements (13). Previous studies on 
reinforcing composite materials with CFRP and more recently metallic z-pins have covered a 
wide range of aspects including the effect of pin insertion on the composite microstructure, 
the performance and failure modes of single pins and multi-pin laminates under various 
loadings, and analytical and computational methods for single pin and multi-pin laminate 
analysis. However, further studies on the critical aspects of pin alignment and surface 
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bonding are needed to make these results more broadly applicable, as previous work was 
driven by the inherent nature of the z-pins studied to date.  
Firstly, CFRP z-pins are generally characterised by a misalignment angle on average 
of 14 between the pins and the through-thickness direction (14-16), which among other 
factors leads to “snubbing” or friction as the pin is pulled out. This has prevented accurate 
understanding and characterisation of pins under pure pull-out loading, and similarly has 
affected attempts to link single-pin behaviour to multi-pin joints. In contrast, the significant 
body of knowledge on steel-reinforced concrete has shown characterisation of steel 
reinforcements under pure pull-out loading (17-21), but analytical models incorporating this 
behaviour are then not applied to analyse multi-pin joints, and the nature of the steel-concrete 
interface and scale of the reinforcement make those results less applicable for this research. 
Secondly, CFRP and extruded metallic z-pins typically exhibit very low interface 
strength due to poor pin-composite bonding, which significantly affects joint performance. 
As a result, the mismatch in thermal expansion coefficient (CTE) between pin and composite 
leads to significant debonding at the pin-composite interface from curing in manufacture (22, 
23), and z-pins are understood to only be effective in providing bridging traction after they 
have begun to pull out (24). Consequently, the performance of through-thickness composite 
reinforcement with high pin-composite interfacial shear strength has not been studied. This is 
important as the SLM titanium-composite interface produced in this work is shown to have 
excellent intrinsic adhesion properties, with the as-manufactured metal surface providing 
similar strength to specimens with best-practice (and costly) surface preparation techniques 
(12). 
In this study, the performance of reinforcements in hybrid SLM metal-CFRP 
composite joints is investigated in single pin specimens and multi-pin joints. Straight single 
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pin specimens of varying pin geometry (length and diameter) are used to characterise the 
composite microstructure and metallic component geometry and material in the manufactured 
joint. These specimens are then experimentally tested in tension (loading along the pin axis) 
to study and characterise in isolation the adhesion response of a single pin as it is pulled out 
of the composite. Double Cantilever Beam (DCB) specimens in unpinned and pinned 
configurations (with pins in rows) are tested experimentally and analysed with finite element 
(FE) models. We clearly establish for the first time the correlation between the single pin 
pull-out and the pin pull-out in multi-pin joints, both in terms of the failure modes and failure 
energy. This novel work includes applying an analytical model for pin pull-out behaviour that 
is empirically characterised from the single pin tests to the FE models of the DCB specimens 
with no further adjustment or calibration required. Comparison to typical CFRP z-pin 
properties is provided where applicable to highlight the influence of pin alignment and 
enhanced surface bond between pin and composite. 
2. EXPERIMENTAL METHODOLOGY 
2.1. Single pin pull-out test 
Single pin specimens were designed involving a square platform and central through-
thickness pin (Figure 2). A test setup was developed to apply tension (pull-out) loading to 
pull the metal and composite adherends apart along the pin axis (Figure 2). The composite 
adherend used unidirectional pre-preg tape layers of T700 carbon/epoxy plies (VTM264, 
Advanced Composites Group). A polytetrafluoroethylene (PTFE) insert of 0.1 mm thickness 
was used at the interface of the titanium adherend and the composite as a pre-crack (see 
Figure 2). This allowed for the exclusive study of the pull-out response of the pin, as the 
adhesion properties between the two materials were characterised previously (12).  
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To manufacture the joint, the plies were first laid up into sub-laminates of four layers 
and de-bulked, and each sub-laminate was then pressed onto the pin using manual pressure 
until the composite and metal parts were in contact. The process was repeated until the 
thickness of the composite adherend was equal to the total length of the pin. The whole 
system was co-cured in an autoclave according to manufacturer recommendations for the 
composite (120°C, 620 kPa, 1 hour).  
After curing, aluminium tabs were adhesively bonded to the adherends. The tabs were 
connected to a double lap joint that used a single bolt on each side of the joint, and the end of 
the joint was clamped in the test machine. The double lap joint was loosely bolted to secure 
the joint with only minimal bolt torque, which allowed for slight movement and rotation of 
the configuration under loading. This was found to be necessary so that the test setup could 
self-adjust under loading, to prevent damage to the specimen from any misalignment between 
the pin axis, tabs and test machine loading axis. The specimens were loaded with a 
monotonically increasing opening displacement at a rate of 0.5 mm/min. Four different 
specimen configurations were investigated, as shown in Table 1, involving three variations in 
total pin length and two variations in pin diameter (D), with three specimens per 
configuration tested. For the thick pin specimens (1 mm diameter), 5 specimens were tested. 
Given the chamfer of the pin, and the definition of pin length (L) being to the bottom of the 
chamfer (see Figure 2), using the same pin total length for thin and thick pins resulted in a 
different pin length L for the same composite thickness.  
2.2. Double cantilever beam hybrid joints 
Double Cantilever Beam (DCB) specimens (ASTM D5528-13 (25)) were used to 
study the crack growth in the hybrid joint specimens under Mode I (opening) loading, as 
shown in Figure 3. A similar pin insertion and joint manufacturing process as for the single 
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pin specimen was used. Three different specimen configurations were investigated, as shown 
in Table 1, with an unpinned specimen and two configurations of varying pin length, and 
three specimens per configuration tested. The pin diameter was 0.5 mm for all specimens and 
the pin volume content was nominally set to 0.5% by using a spacing between pins of 6.27 
mm. The first row of pins was placed at the end of the pre-crack region (start of the bonded 
region). The thickness of the composite adherend in the unpinned specimen was set to match 
the bending stiffness of the metal adherend. For the pinned configurations, the composite 
adherend thickness was controlled by the pin total length, and an additional composite 
laminate was bonded to the metal adherend so that the bending stiffness of both cantilever 
arms was equal. The thickness of the composite reduced by up to 0.1 mm on average due to 
resin bleed in curing, though this was considered to have minimal effect on fracture 
toughness, and the as-manufactured thickness was used in numerical models.  
A monotonically increasing opening displacement was applied at a rate of 2 mm/min 
to aluminium tabs bonded onto the pre-cracked end of the DCB specimen. The crack length 
was measured throughout the test using a travelling optical microscope. The Mode I 
interlaminar fracture toughness (GIc) was calculated using the modified beam theory method 
according to the test standard (25): 
𝐺Ic =
3𝑃𝛿
2𝑏(𝑎 + ∆𝑎)
 Equation 1 
 
where P is the applied load, 𝛿 is the opening displacement, b is the specimen width, a is the 
crack length and ∆𝑎 is a correction factor determined from test compliance. 
2.3. SLM manufacturing 
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 Titanium components for single pin and DCB specimens were printed in a build 
chamber of 250 mm × 250 mm × 350 mm (SLM250HL, SLM Solutions, Germany) using the 
same manufacturing parameters of previous work (12, 26, 27) to achieve a low porosity level 
of less than 0.3% and an average surface roughness (Sa) of 10 μm (Alicona IF-EdgeMaster 
profilometer). Specimens were printed upright with an inclination angle of 20 from the 
vertical axis to reduce thermal residual stresses in the part and to allow for printing of the 
overhanging pin structure without additional support material for a length of up to 4 mm per 
pin (28). Recent publications (29, 30) investigating the effect of build orientation on the 
mechanical properties of the same Ti-6Al-4V material reported approximately 4% reduction 
in ductility and no effect on stiffness and strength when the build orientation was changed 
from vertical to horizontal. As the pins were manufactured at 20, it is expected that the pin 
strength and stiffness is similar to that of the bulk material with little reduction in ductility. In 
addition, Strano et al. (31) experimentally showed minimal change in surface roughness 
ranging from 12 μm to 16 μm with increasing build angle from 5 to 90 for a powder-based 
manufacturing process as particles inherently attach to the surface due to thermal dissipation. 
As there is no change in the roughness of the part, it is expected that the partially melted 
particles on the pin offer high adhesion performance as shown in a previous study by the 
authors (12).  
A 45 chamfer (1 diameter) was used at the tip of the pin to assist the later manual 
pushing of the composite laminates onto the pins. The manufactured parts were lightly tapped 
with an ultrasonic gun to vibrate the excess powder off and acetone was used to clean the part. 
Detailed inspection of the manufactured pins revealed that the cross-sectional shape 
of the thinner pins (D = 0.5 mm) varied significantly from being nominally circular. This is 
due to the partially melted particles attached to the bottom side of the pin as shown in Figure 
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4a. This phenomenon has been previously observed for overhanging truss structures (28). 
Considering all results, the cross-sectional shape was found to be best approximated by an 
ellipse. The thicker pins (D = 1.0 mm) were largely unaffected by this and the cross-section 
remained mostly circular. The major and minor diameters of the elliptical profile were 
measured for the single pin specimens at three locations along each pin, with four 
measurements taken at 90 intervals around the pin at every location. At least three 
specimens were measured for each configuration, and the coefficient of variance (COV) was 
less than 4% for all sets of measurements. A summary of the average pin dimensions is 
shown in Figure 4b, where the profiles of the nominally 0.5 mm and 1.0 mm pins are overlaid. 
The pin cross-sectional area and circumference from the ellipse of best fit was taken into 
account when calculating the pin strength and interface strength. The difference between the 
nominal (design) and actual manufactured pin dimensions meant that the actual L/D ratio 
varied for each configuration, in some cases significantly, which is further discussed in the 
results section where the nominal and actual L/D ratios are presented. For the DCB 
specimens, another effect of the cross-section change was an increase of the pin volume 
content from 0.5% to 0.74% for the 0.5 mm diameter pin and 0.55% for the 1.0 mm diameter 
pin.  
The pins were found to contain a small amount of internal porosity along their length 
as shown in Figure 4c. The maximum diameter of the internal porosity varied from 30 m to 
200 m. The location of the largest pore was stochastic in nature along the pin length, though 
the majority of the pores was found to be located on the finishing side (see Figure 4a) of the 
pin. This type of surface porosity is expected to reduce the tensile strength of the pin as 
compared to that of the bulk material due to the small diameter and proximity of pores to the 
tensile surface stresses. Another inherent defect found for the SLM pins was the potential 
reduction in diameter at the pin root. This is thought to be due to heat dissipating into the 
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large base of the component leading to a smaller melt pool. A small fillet of 0.5 mm radius 
was found to mitigate this defect effectively and was introduced for all pins studied in this 
work. 
Despite these aspects, the overall dimensional tolerance of the SLM-manufactured 
components was very high, with an expected tolerance of 0.1 mm for all dimensions. The pin 
axis of the specimen is straight and the misalignment angle is estimated to be 0 following 
insertion into the CFRP composite adherend in contrast to typical values of 14 for CFRP z-
pins (22). 
3. ANALYSIS METHODOLOGY 
A numerical modelling approach is developed to predict the performance of an 
arbitrary multi-pin hybrid joint by superposing discrete fracture events due to single pin pull-
out with the continuous fracture of the unpinned interface (see Figure 5). The single pin pull-
out test is used to identify the parameters for an analytical pull-out law or stress-displacement 
behaviour for the discrete distribution of non-linear springs as outlined in Section 3.1. 
Separately, an unpinned specimen in DCB configuration is characterised to determine the 
mechanisms associated with the unpinned adhesion properties. Two continuous crack growth 
contributions in the form of matrix fracture and fibre bridging are identified and implemented 
via cohesive elements on the interface as described in Section 3.2. No additional adjustment 
or calibration of parameters is undertaken for the pinned DCB model. 
3.1. Analytical bridging laws 
For the single pin specimens, pulled out pins show failure (loss of load-carrying 
capability or maximum load) either from pin-composite interface failure in shear or pin 
fracture in tension. It is assumed that the pin is perfectly embedded in the surrounding 
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material, and that the PTFE layer (see Figure 2a) prevents any contact (load transfer) between 
metal and composite parts except for at the pin-composite interface. As such, the load path 
between adherends involves all load carried in the pin-adherend interface and in the pin itself. 
The interfacial shear stress 𝜏𝑚𝑎𝑥  at maximum load Pmax can be determined using the pin-
adherend contact area, and is given by  
𝜏𝑚𝑎𝑥 =
𝑃𝑚𝑎𝑥
𝐶𝑒(𝐿 − ∆0)
 Equation 2 
 
where 𝐶𝑒 is the pin circumference from the averaged measured ellipse (Figure 4b), and 0 is 
the pin pull-out displacement at Pmax (which reduces the interface contact area). Separately, 
the axial tensile stress 𝜎𝑚𝑎𝑥 in the pin at maximum load is determined from  
𝜎𝑚𝑎𝑥 =
𝑃𝑚𝑎𝑥
𝐴𝑒
 Equation 3 
 
where 𝐴𝑒 is the pin cross-sectional area from the averaged measured ellipse (Figure 4b). For 
specimens that fail (at Pmax) due to interfacial shear failure, Equation 2 is used to determine 
the interface strength. For specimens that fail in pin fracture, Equation 3 is used to determine 
the pin tensile strength. 
The transition between the two failure modes is a function of pin strength, interface 
strength and geometrical parameters. At the transition point, both failure modes are occurring 
at the same load. Combining Equation 2 and Equation 3, an expression can be derived to 
define the transition aspect ratio L/D of the pin: 
𝐿
𝐷
=
𝜎𝑚𝑎𝑥
4𝜏𝑚𝑎𝑥
 Equation 4 
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Equation 4 shows that the transition aspect ratio is a function of only the relative strengths of 
the pin and interface, and that pins with aspect ratio greater than the transition value will fail 
in pin fracture.  
A single pin “pull-out law” in defined in this study through the relationship between 
the interface stress  and the pull-out displacement ∆, as given by  
𝜏(∆) = 𝜏𝑚𝑎𝑥 𝑒𝑥𝑝 [−𝛼 (
∆−∆0
𝐿
)
𝛽
], Equation 5 
 
where max and 0 are obtained from experimental data and the two dimensionless parameters 
 and  are curve-fit to experimental data. The pull-out load P() is then determined from 
𝑃(∆) = 𝜏(∆) 𝐶𝑒  𝑥(∆), Equation 6 
 
where 𝑥 is the embedded length of the pin as defined in Equation 7 by Lee et al. (20) such 
that the pull-out displacement ∆ varies from ∆0 to 𝐿 while x varies from 𝐿 to 0:  
𝑥(∆) =
𝐿
𝐿 − ∆𝑜
(𝐿 − ∆) Equation 7 
  
The pull-out displacement data from the test machine needed to be adjusted to 
account for machine compliance, as this directly affected the values for 0 and failure energy. 
In this work, the machine compliance was determined as approximately 0.00075 mm/N, 
0.0006 mm/N and 0.00045 mm/N for the 2 mm, 3 mm and 4 mm pin specimens, respectively. 
The displacement data was corrected using a method similar to that presented in Ref. (32). 
 The failure energy E of a single pin (associated with either the pull-out process or pin 
fracture) can be calculated by integrating Equation 6 over the pull-out displacement or can be 
14 
 
estimated from experimental data using the area under the traction load versus pull-out 
displacement curve. To correlate between the failure energy of the pull-out specimens and the 
fracture toughness observed in multi-pin joints, the following equation is used: 
𝐺𝑝𝑖𝑛 = 𝑉𝑝
𝐸
𝐴𝑒
 Equation 8 
 
where Gpin is the contribution of the pins to the fracture toughness of the joint (as other 
mechanisms exist that also provide fracture toughness) and Vp is the volume fraction of pins 
in the joint. 
3.2. Finite element model 
While semi-analytical approaches are available to analyse DCB results with pull-out 
events (33, 34), finite element modelling provides a more flexible framework to capture the 
response of pin-reinforced composite structures. Three-dimensional models of the DCB 
specimens were developed in Abaqus/Standard 6.12, and they incorporate both material and 
geometric non-linearity. The key aspects of the numerical DCB model are summarised in 
Figure 6, and the material properties are shown in Table 2. The loading tabs were coupled 
with the adherends in all degrees of freedom (DOF) and pulled apart using displacement 
control. Three different mechanisms occur during crack propagation process and are captured 
separately through the use of either continuous cohesive elements at the interface (fibre 
bridging, resin fracture) or discrete spring elements to model every pin individually. 
To capture progressive crack growth in a continuous manner, a pre-defined crack path 
was modelled by embedding zero thickness cohesive elements (COH3D8) (35) along the 
interface of the titanium and the composite adherend (see Figure 6). The pre-crack region was 
modelled without any cohesive elements. The typical length of all interface cohesive 
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elements along the crack path was kept consistently at 0.05 mm and the penalty stiffness K 
was determined using (36) 
𝐾 = 𝛽𝑝
𝐸33
𝑡
 Equation 9 
 
where E33 is the adherend through-thickness elastic modulus, t is the adherend thickness, and 
βp is a parameter used to set the penalty stiffness. A βp value of 10 was found to provide 
reasonable penalty stiffness, which is large enough for an interface stiffness and small enough 
to reduce the risk of numerical problems such as spurious oscillations of the tractions in an 
element  (36).  
The basic adhesion properties of the unpinned specimen including resin fracture and 
fibre bridging need to be considered first as outlined in detail in a previously published study 
by the authors for the same material system (12). The numerical procedure uses two 
superposed cohesive elements at the same location to capture the two simultaneous damage 
mechanisms of resin fracture and fibre bridging. Essentially, the first cohesive element with 
high strength and low toughness is used to represent the resin fracture at the crack front, 
while the second cohesive element with low strength and high toughness is used to represent 
the fibre bridging mechanism. The respective material property values are shown in Table 3. 
The use of cohesive elements treats these two damage events as simultaneously occurring 
continuous processes along the length of the DCB specimen. 
The additional discrete bridging traction mechanism of the pins during the pull-out 
process can be modelled using non-linear springs (24, 37, 38) or cohesive elements (39-41). 
In this study, non-linear springs were used as the analytical bridging laws derived from 
equations in Section 3.1 can be directly input into the model as discrete spring properties 
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(SPRINGA) (35) at the actual location of each metal pin, hence resulting in discrete 
toughness contributions rather than a continuous process.  
4. RESULTS AND DISCUSSION 
4.1. Composite micro-structure surrounding pin inserts 
The disruption to the composite micro-structure caused by inserting the through-
thickness SLM pins was similar to that seen for CFRP z-pins (see for example the work of 
Chang et al. (13)). Figure 7a shows a schematic of the typical alteration in in-plane cross-
sectional profile that was characterised by localised fibre waviness, broken fibres and a resin-
rich zone. In all cases, the localised fibre waviness region is defined by the horizontal lengths 
𝐻3  and 𝐻4  and vertical length 𝑉1  and 𝑉2  (Figure 7a). These parameters were found to be 
symmetric and a function of the pin dimension in the same direction, such that H3 = H4 = 
3.5Dh and V1 = V2 = 3Dv for all pin sizes. The fibre waviness confined within the region of 𝑉1 
and 𝑉2 reduced linearly from a maximum around the pin to zero at the length 𝑉2. The resin-
rich zone was formed in the region between the broken fibres and the pin as shown in Figure 
7. The horizontal length of the resin-rich zone is defined by 𝐻1 and 𝐻2, and it was found that 
H1 = H2 = 3Dh. 
Additionally, the pin insertion process altered the through-thickness cross-section of 
the composite, which was distinguished by fibre crimp, fibre breakage and a resin-rich zone 
parallel to the fibres as shown in Figure 7b. The act of fibre crimping led to formation of a 
resin-rich zone defined by distances 𝐶1 and 𝐶2 (refer to Figure 7b) which were found to be 
equal and approximately 2.5 times the diameter 𝐷ℎ parallel to the fibre direction. The fibre 
crimp diminished linearly toward the tip of the pin. No resin-rich zone was found in the 
through-thickness cross-section perpendicular to the fibres (Figure 7c), as in this direction the 
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fibres did not crimp and simply moved laterally as the pin was pushed through in 
manufacture. 
Previous studies on CFRP z-pin reinforcement have reported interfacial cracking due 
to the mismatch between the thermal expansion coefficient of the pin and the adjacent resin-
rich zone. Sweeting and Thomson (23) have shown in-plane thermal-induced interface 
cracking and Mouritz (22) further showed partial interfacial cracking along the through-
thickness direction. In this work, no interfacial cracking was found at the in-plane cross-
section (Figure 8a) and through-thickness cross-section (Figure 8b) for all specimens despite 
the similar interruption of fibre network. The fact that there is no visible thermal crack 
despite the mismatch in thermal expansion coefficient between the titanium pins and the 
surrounding material demonstrates the significant strength of the pin-composite interface, 
which is attributed to the partially melted particles that are attached on the surface of the pin. 
Our previous study (12) has shown that these particles enhance the interface strength through 
an increase in surface area and through mechanical interlocking.  
4.2. Pull-out response of single SLM pins 
The experimental results of the single pin specimens under pull-out loading are 
presented in Figure 9 and Table 4, where Figure 9 presents the traction load versus pull-out 
displacement results, and Table 4 summarises all calculated results based on the previously 
provided analytical expression. It should be noted that the increase in total circumference of 
the pins due to the partially melted particles was taken into consideration in the presented 
results as per Equation 2 and measured Ce values as provided in Table 4. For Figure 9, a 
single test result is presented that is most representative of the average result for each 
configuration. In Table 4, results for the coefficient of variance are also included, and 
although in most instances this is calculated from only three data points it is still considered a 
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reasonable indication of the variance in the results. For the purpose of comparison, an “actual” 
L/D is provided in Table 4, where the diameter was taken from the average of the major and 
minor diameters of the elliptical profile. For one test (D=0.5, L=3), displacement data was 
considered unreliable from the test, so the 0 and failure energy values were excluded as 
outliers. Good repeatability was seen across all results, with variance between 4% and 15% 
for maximum load and failure energy across all specimens (except one configuration where 
the variance on failure energy was 38%), and no inconsistencies in failure mode were 
observed for any configuration. 
 Overall, the results demonstrate that the SLM metal-composite hybrid joint system 
performed in a similar manner under pull-out loading to CFRP z-pins reported in literature 
(42). Low aspect ratio pins (D=0.5, L=2 and D=1.0, L=3.5) were shown to lead to pin-
composite interface failure in shear whereas higher aspect ratio pins (D=0.5, L=3 and D=0.5, 
L=4) led to pin fracture in tension. Using the average of the max and max values in Table 4 
with Equation 4 produces a transition aspect ratio of L/D = 3.6, which agrees well with the 
observed transition between specimens with modified aspect ratios of 3.3 and 5.0. The energy 
absorbed in interface failure was significantly higher than in pin fracture, with more than 5 
times the absorbed energy for the same pin diameter.  
The average interface stress from the two configurations showing interface failure 
was 48 MPa. The higher interfacial strength is closely related to the partially melted particles 
existing at the surface of the SLM pin. During the co-curing process, the ridges between the 
particles provide a mechanical interlocking effect in addition to increasing the surface area of 
the bond. This in turn enhances the load-carrying ability of the interface and promotes 
adhesive or adherend failure, as the crack progresses through the adhesive or composite resin 
and either diverts around or shears through the titanium particles. This was seen in 
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microscopy images of the pins following interface failure, which showed the surface covered 
with adhesive and partially melted particles (Figure 10a). Further, computed tomography (CT) 
scans of the pin cavity in the composite adherend after pin pull-out revealed a large amount 
of partially melted titanium particles still attached to the surface of the epoxy resin (Figure 
10b).  The pin fracture mode also demonstrated behaviour that is characteristic of SLM 
material components. Figure 11 shows typical pin fracture damage. The average tensile 
strength from the two configurations showing pin fracture was 725 MPa, which is 
significantly lower than the bulk material strength of 1028 MPa previously reported (26). Pin 
fracture was also seen to occur close to the pin root. As such, failure stresses for the pins were 
lower than the bulk material strength due to the combined effects of stress concentrations at 
the root during pull-out and random distribution of porosity size and location in the vicinity 
of the root.  
4.3. Single pin pull-out law 
Using the analytical pull-out law of Equation 5, values of = 5.75 and = 1.55 were 
found to provide suitably close prediction for the pull-out response of both configurations, as 
shown in Figure 12. In this figure, the displacement data was normalised using the pin length 
so that the results from the two configurations can be easily compared. These results show 
that the pull-out law represents the behaviour of both pins very well, with any deviation 
within experimental variance. Analytical predictions of failure energy were 91 J and 473 J for 
thin pins (D=0.5, L=2) and thick pins (D=1.0, L=3.5), respectively. These values are within  
9% of experimental values and of the order of the experimental variance of the test data.  
The typical pull-out stress-displacement curve of a CFRP z-pin of 0.28 mm thickness 
and 4 mm length is indicated for comparison in Figure 12 (42).  One key aspect in the results 
that differs from published z-pin results is the exponential shape of the load-displacement 
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curve, as evidence that the interface failure mode was characterised in isolation. Typically, 
carbon and metallic z-pin reinforcements exhibit linear load-displacement behaviour during 
pull-out (14, 16, 33, 40, 43-46). This can be attributed to a large degree of misalignment in 
the pins, typically 12 to 15, which introduces a “snubbing” or crushing damage mechanism 
that acts in addition to the interface failure (13). In contrast, studies of steel bar reinforcement 
in concrete have widely reported exponential pull-out behaviour, where the interface 
properties degrade from the abrasion of the pull-out process (17-21). As such, the results in 
this study provide the first evidence that despite the different scales involved, the interface 
failure of micro-scale through-thickness reinforcements is governed by the same mechanisms 
as for steel-reinforced concrete. Further, the observation of exponential pull-out behaviour 
confirms that the interface failure was characterised for straight pull-out without additional 
damage modes such as snubbing, which could have been present if the test setup did not self-
adjust. 
 Another significant difference to published z-pin results for metallic or carbon 
reinforcements is the much larger interface strength of 48 MPa, which is caused by the 
excellent adhesion between the SLM surface and composite as explained previously. This is 
much higher than the typical interfacial strength of around 15 MPa reported in comparable 
studies of CFRP z-pin reinforcement (14, 40, 42), which is shown in Figure 12. Additionally, 
the combination of residual thermal cracks along the CFRP/composite interface as well as the 
inherent misalignment angle of the pin causes the stiffness of the CFRP z-pin to be much 
lower than for the hybrid system investigated here. 
It should finally be noted that the low pin strength and high interface strength reduce 
the transition aspect ratio of SLM pins to below 4 (see Eq. 4), which in comparison was 
experimentally established as approximately 20 for CFRP pins (42). 
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The close comparison between the experimental and analytical results indicates that 
the characterised pull-out law is independent of pin geometry and can therefore be used for 
design and optimisation studies. For example, Figure 13 shows the effect of increasing pin 
volume content on DCB specimens with L=2 mm pins of increasing diameter from 0.55 mm 
to 2.0 mm. The results indicate that the steady-state fracture toughness increases linearly with 
increasing pin volume content for all pin sizes. Additionally, for the same pin content, the 
toughness value decreases exponentially with increase in pin diameter, which becomes more 
prominent with higher pin content. Essentially, when the pin aspect ratio moves away from 
the transition aspect ratio, the pins become less effective at absorbing energy. This is because 
thinner pins generate higher traction loads per unit crack area than thicker pins (47). Thus, it 
is essential to design the pin with the L/D aspect ratio smaller than the transition aspect ratio 
to ensure pin-composite interface failure occurs. However, the L/D aspect ratio should be 
close to the transition aspect ratio to ensure effective energy absorption.  
4.4. Mode I crack growth behaviour of pin-reinforced hybrid joints 
 Load-displacement and R-curve (fracture toughness versus crack length) results for 
the DCB specimens are shown in Figure 14 for the unpinned specimen and the pinned 
specimen with actual pin aspect ratios of 3.3 (D=0.5, L=2) and 6.5 (D=0.5, L=4), see Table 4. 
Additionally, the steady-state fracture toughness of a typical CFRP z-pin (D=0.5, L=2) is 
included in Figure 14b to compare the effectiveness of the two different reinforcement 
systems. The DCB specimen with longer pins (actual aspect ratio 6.5) showed pin fracture 
with lower fracture toughness, which agrees well with the transition aspect ratio established 
in the single pin specimens, and demonstrates that pins show equivalent behaviour in the 
single pin and DCB specimens.   
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 From the results in Figure 14, the overall adhesion response of the unpinned specimen 
can be characterised by crack initiation at an initial fracture toughness of 0.2 kJ/mm
2
, a 
region of increasing fracture toughness as the fibre bridging process zone develops, and then 
steady-state crack propagation with a roughly constant fracture toughness of 1.0 kJ/mm
2
 and 
fully developed bridging zone of approximately 30 mm. The R-curve indicates that the 
contribution of fibre bridging to the fracture toughness is significant and much larger than the 
fracture toughness at crack initiation. This behaviour is captured well by the numerical 
simulation, which uses separately characterised cohesive elements for basic adhesion failure 
of the resin and fibre bridging.  
 Similar behaviour is seen for the pinned specimen, though the inclusion of the pins 
produced a significant increase in load-carrying capability and fracture toughness. The 
specimens with pins failing in pin-composite interface failure (L/D=3.3) had a significantly 
higher fracture toughness than the DCB specimens with longer pins (L/D=6.5). For the 
specimens showing interface failure and pin pull-out, the maximum load, fracture toughness 
at crack initiation and steady-state fracture toughness increased to 270%, 250% and 377% of 
the respective unpinned specimen values. Using the numerical model with non-linear springs 
for each pin, the load-displacement response and the increase in fracture toughness are again 
predicted very accurately, which reflects the accurate characterisation of the single pin 
behaviour. Comparatively, the fracture toughness of SLM pins is almost twice as high 
compared to similar CFRP z-pin configurations as indicated in Figure 14b. This is due to the 
significantly higher fracture energy associated with the pull-out process of SLM pins shown 
in Figure 12.  
 The mechanisms during crack propagation involve a combination of adhesion, fibre 
bridging, and pin traction leading to interface failure of low aspect ratio pins (D=0.5, L=2.0) 
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or pin fracture of high aspect ratio pins (D=0.5, L=4.0) (see Figure 14b). As the crack 
opening displacement is applied, the first row of pins acts to provide a bridging traction. 
Under increasing opening displacement, the pins either start debonding or fracture, allowing 
the crack to propagate until it is arrested by the second row of pins. For high aspect ratio pins 
where pin fracture is seen, this process simply repeats with every row of pins. 
 For pins where interface failure is seen, the crack growth is accompanied by gradual 
pull-out of the pin, which absorbs a large amount of energy and is reflected in increasing 
Mode I fracture toughness. The process repeats to the third row of pins at which point 
maximum load is reached and the bridging zone along the crack length is fully developed as 
indicated in Figure 15. Following this, steady-state crack growth with stick-slip behaviour is 
seen, which is similar to the typical behaviour of z-pin reinforced CFRP composite (13, 24). 
The crack slips when a row of pins furthest away from the crack front is completely pulled 
out. This is usually reflected by a drop in load, which is regained when the crack advances 
and arrests at the next row of pins.  
 The failure energy of the single pin specimens also showed very good agreement with 
the fracture toughness of the DCB specimens. Using Equation 8, with the experimentally 
measured cross-sectional (elliptical) area, volume fraction and single pin failure energy, the 
pins are estimated to contribute 2.61 kJ/mm
2
 to the DCB specimen steady-state fracture 
toughness. This compares very well (within 2%) with the value of 2.65 kJ/mm
2
 obtained by 
subtracting the steady-state fracture toughness from pinned and unpinned DCB specimens.  
 The numerical model captures the stick-slip phenomenon very well due to the discrete 
arrangement of non-linear springs. Numerically, the stick-slip condition between each pin 
row was also reflected in the R-curve. This is not possible to obtain by experiment as the 
crack propagation between pins is fast and only one crack length measurement per pin row is 
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possible. Additionally, through the position of the crack front in the FE model and the 
corresponding fracture toughness, the process zone during crack propagation process was 
found to consist of 3 rows of pins, which also compares very well to experiment 
observations. 
Lastly, previous studies on z-pin reinforcement have observed that the presence of 
pins does not improve the initiation fracture toughness. In this study, it was shown both 
experimentally and numerically that the crack growth initiation toughness in fact increases. 
This is due to the high interface strength of the SLM pin-composite interface. As previously 
discussed, CFRP z-pins have low interface strength, and there is also typically significant 
debonding around the pin created in manufacture due to thermal mismatch. As such, these 
pins only start to absorb energy after they have started to be pulled out. On the other hand, the 
strength of the SLM pin-composite interface means that the pins can contribute to resisting 
initial crack growth. To confirm this, a numerical analysis was conducted where the pin 
interface strength varied between 15 MPa (typical of CFRP z-pin reinforcements) and 50 
MPa (typical of SLM pin) shown in Figure 16. The analysis clearly demonstrated that the 
initiation fracture toughness increased from 0.32 kJ/mm
2
 to 0.76 kJ/mm
2
. In contrast, the 
initiation fracture toughness for pins with low interface strength is only 0.1 kJ/mm
2
 higher 
than the unpinned value. This is within typical experimental variance and explains why such 
increases are difficult to observe experimentally for previous conducted studies with CFRP z-
pins (48, 49). 
5. CONCLUSIONS 
In this work, we successfully establish a correlation of single pin versus multi-pin 
pull-out characteristics for SLM pin-reinforced hybrid metallic/composite joints. Based on 
single pin tests for different pin geometries, the following important pin characteristics were 
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derived: (1) the pin/composite interface bond strength, (2) the pin strength, (3) the pin pull-
out bridging law and (4) the geometric ratio L/D to determine the transition point between pin 
pull-out and pin fracture. The transition aspect ratio is especially important for the design of 
multi-pin joints as pins become less effective at absorbing energy as the pin dimensions move 
away from the ideal aspect ratio. It was then verified experimentally and numerically that 
these single pin properties can be applied to predict the failure mode and the pin contribution 
to the steady-state fracture toughness of the DCB specimens. 
The DCB tests showed that the integration of SLM pins (nominally 0.5% of specimen 
volume) increased the maximum load, initiation fracture toughness and steady-state fracture 
toughness by 270%, 250% and 377% respectively, provided pins were designed to pull out of 
the composite and not fracture. Finite element analysis of the DCB specimens utilised a 
modelling strategy in which resin fracture, fibre bridging and pin pull-out were separately 
characterised and applied within different elements in order to allow additional correlation 
between the pin properties and fracture toughness improvements as well as comparisons with 
traditional CFRP z-pins to be made. 
We established that the significantly higher interface strength for SLM pins within 
CFRP material translated into an increase in initiation fracture toughness and similarly higher 
steady-state fracture toughness. On the other hand, the critical aspect ratio for SLM pin pull-
out is adversely affected by the high interface strength and is therefore much lower than for 
CFRP pins, which needs to be considered when designing joints with metallic SLM pins for 
optimum fracture toughness improvement.  
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Table 1: Specimen configurations 
Test type  D [mm]  L [mm] Pin volume [%] 
Single pin 0.50 2 -- 
Single pin 0.50 3 -- 
Single pin 0.50 4  -- 
Single pin 1.00 3.5 -- 
DCB -- -- -- 
DCB 0.50 2 0.5 
DCB 0.50 4 0.5 
 
 
 
Table 2: Material properties of VTM264(50) and Ti-6Al-4V(27). E and G are elastic and shear 
modulus; ν is Poisson ratio; subscripts 1,2,3 are directions in a ply-based coordinate system 
of fibre, in-plane transverse and out-of-plane transverse, respectively; XT, ZT and S12 are in-
plane tension, out-of-plane tension and in-plane shear strength; tply is thickness of the 
composite ply. 
 
VTM264 Ti-6Al-4V 
E11 (MPa) 120000 E (MPa) 110000 
E22 (MPa) 7500 G (MPa) 42500 
E33 (MPa) 7500 ν 0.32 
G12 (MPa) 3900   
G13 (MPa) 3900   
G23 (MPa) 2300   
ν12 0.32   
XT (MPa) 2459   
ZT (MPa) 45   
S12 (MPa) 85   
tply (mm) 0.21   
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Table 3: Cohesive model parameters 
Cohesive model parameter 
Metal-Composite joint  
Resin Fracture Fibre Bridging Composite 
Normal Strength 𝑡𝑛  (MPa) 42.2
(1)
 1.3
(1)
 44.5
(1)
 
Normal Fracture Energy 𝐺IC (J/m
2
) 200
(1)
 800
(1)
 1000
(1)
 
Maximum Normal Displacement 𝛿 (mm) -- 6.6(1)  
Mixed-mode exponent 𝛼 -- 11(2)  
Normal Penalty Stiffness Kn (MPa) 35700
(2)
 35700
(2)
  
Shear Strength  𝑡𝑠 (MPa) 81
(1)
 4
(2)
 85
(3)
 
Shear Fracture Energy 𝐺IIC (J/m
2
) 1100
(2)
 1650
(2)
 2750
(3)
 
Shear Penalty Stiffness Ks (MPa) 35700
(2)
 35700
(2)
  
Power law coefficient  1.21
(3)
 1.21
(3)
  
 (1) Calculated from experimental data; (2) Calibrated to fit with experimental data; (3) Based on literature data  
 
 
 
 
Table 4: Single pin specimens, experimental results 
 D=0.5, L=2 D=0.5, L=3 D=0.5, L=4 D=1.0, L=3.5 
L/D Nominal 4 6 8 3.5 
L/D Actual 3.3 5.0 6.5 3.3 
Ce, mm 1.93 1.93 1.93 3.30 
Failure mode Interface Pin Pin Interface 
Pmax, N (COV) 189 (9%) 212 (14%) 207 (15%) 567 (7%) 
0, mm (COV) 0.062 (25%) 0.055* (6%) 0.044 (23%) 0.071 (13%) 
Failure energy, J (COV) 99.8 (4%) 17.0* (7%) 18.4 (38%) 432 (6%) 
max, MPa - 731 715 - 
max, MPa 50.7 - - 49.9 
* 1 result excluded as an outlier 
 
  
33 
 
Figure 1:  Sample metal-composite fitting, incorporating (a) bolts or (b) through-thickness 
reinforcement pins 
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Figure 2: Pull-out test setup of a single pin specimen with detail cross-section schematic 
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Figure 3: Double Cantilever Beam specimen 
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Figure 4: SLM manufacture. (a) Partially melted particles. (b) Average of measured 
dimensions (in mm) for D=0.5 (inner profile) and D=1.0. (c) Sample pin cross-section. 
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Figure 5: Overall analysis methodology 
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Figure 6: DCB FE modelling scheme and representative elements of damage mechanisms 
during crack propagation process 
Titanium (C3D8)
Displacement Control
Coupled In All DOF
Superposed Cohesive Elements (COH3D8)
Presenting Crack Front and Fibre Bridging Mechanisms
CFRP Composite (C3D8)
Non-Linear Spring (SPRINGA)
Presenting Pin Pull-out Process
Pre-crack
Pins Spacing
Based On Pin
Volume Density
 
 
  
39 
 
Figure 7: Cross-section schematics. (a) In-plane (XY) (b) BB: through-thickness parallel to 
fibres (XZ). (c) CC: through-thickness perpendicular to fibres (YZ). 
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Figure 8: Pin (0.5 mm) embedded in CFRP composite highlighting elliptical pin surface area 
and mechanical interlocking with surrounding resin: (a) In-plane cross-section with finishing 
surface on the left and (b) through-thickness cross-section. 
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Figure 9: Single pin specimens, load versus pull-out displacement 
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Figure 10: Specimens following interface failure. (a) Microscopy images of pin. (b) CT scan 
of pin cavity in composite adherend with only titanium set to be visible. 
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Figure 11: Illustration of pin fracture near root fillet. Embedded SLM powder particles at 
root clearly observed. 
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Figure 12: Interface stress versus normalised pull-out displacement, compared with typical z-
pin strength calculated based on study of Koh and Mouritz (42) 
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Figure 13: Contribution of pins with 2 mm length of varying volume density to DCB Mode I 
steady-state fracture toughness according to calculation based on Equation 8. 
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Figure 14: DCB specimens, unpinned (D=0), SLM pinned (D=0.5, L=2), (D=0.5, L=4) and 
CFRP z-pin (D=0.5, L=2)
 
calculated based on study of Pingkarawat and Mouritz (48), 
experiment (solid lines) and numerical (dash lines) results. (a) Load-displacement. (b) R-
curve. 
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Figure 15: DCB specimen features and damage mechanisms  
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Figure 16: Detailed R-curve within the first 3 rows of pin of increasing pin interface strength 
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